We present a stochastic CA modelling approach of corrosion based on spatially separated electrochemical halfreactions, diffusion, acido-basic neutralization in solution and passive properties of the oxide layers. Starting from different initial conditions, a single framework allows one to describe generalised corrosion, localised corrosion, reactive and passive surfaces, including occluded corrosion phenomena as well. Spontaneous spatial separation of anodic and cathodic zones is associated with bare metal and passivated metal on the surface. This separation is also related to local acidification of the solution. This spontaneous change is associated with a much faster corrosion rate. Material morphology is closely related to corrosion kinetics, which can be used for technological applications.
Introduction
This paper is dedicated to Jean-Pierre Badiali. Corrosion represents a substantial loss of about 4% of the world GDP yearly [1, 2] and concerns most human activities. Thus, understanding and modelling corrosion is of strategic importance for technological applications ranging from engineering structures, transport [3] to high-tech biological implants [4] . Given its importance and the need for practical advances, two activities have emerged in parallel with slightly different objectives. "Corrosion engineering" is aimed at practical advances and relies on collecting data on corrosion in view of corrosion protection [5] while "Corrosion science" being more academic, collects basic scientific knowledge and is aimed at understanding the corrosion mechanisms [6] . In this paper, we contribute to the latter with some simulation modelling results.
Here, we shall study aqueous corrosion. And we limit our purpose to simple electrochemical corrosion discarding other processes like stress corrosion cracking, erosion, fatigue or microbial corrosion [7] . Despite these restrictions, corrosion remains a complex phenomenon. It involves chemical and electrochemical processes in different phases like solid-liquid phases, and concerns phenomena in volume as well as interfaces. A wide variety of processes are involved, such as electron transfer and species diffusion [8] . All different phenomena involved have a cross-interaction and evolution details may depend on: the nature of the material, its forging history or composition like in alloys.
Two main types of corrosion are observed: generalized corrosion and localized corrosion. They
As pointed out, no modelling can be comprehensive regarding the corrosion phenomenon. Such modelling should span across so many spatial scales and embrace a large number of phenomena. In our case of interest, passivation breakdown occurs at the atomic level whereas diffusion, for instance, takes place at mesoscopic to macroscopic scale. We choose here to focus on a mesoscopic scale approach which, in our opinion, provides an interesting link between microscopic and macroscopic, more precisely, CA approaches. These approaches have been used to describe various aspects of corrosion [34] . One main contribution of this type of approaches is to couple chemical and electrochemical aspects to the evolutions of morphological aspects [35] [36] [37] . First applied to generalized corrosion, they have been used for studying the pitting corrosion [38] . The microscopic features cannot be modelled in detail at the mesoscopic level. However, they can be introduced via some stochastic evolution rules which will depend on the probabilities which represent the atomistic processes that can induce a passivity breakdown at a given location. This stochastic element is essential and contrasts with the macroscopic deterministic approaches.
The model we consider accounts for passivity, separates anodic and cathodic reactions and couples the half-reactions on the metal side and on the solution side. We will emphasize the relation between the kinetics and morphological aspects properties. These are essential features of localized corrosion. The model was first developed by Jean-Pierre Badiali and collaborators within a two dimensional description [39, 40] . It has recently been generalized to three dimensions [41, 42] . In this paper, in section 2, we present the model. The model is then applied to three different case studies which have been previously investigated. We will emphasize common features and specificities, in section 3.1. Finally, in section 3.2, we will present new applications and discuss some perspectives.
Cellular automata model of corrosion

Why and which cellular automata modelling
Before presenting the model, we would like to stress our tribute to Jean-Pierre Badiali's rationalisation of corrosion. It was in his mind that corrosion is a highly complex process and tackling all aspects is clearly out of reach at present. In this context, he thought it would be beneficial to forge a simple model, which he chose within the CA framework, to help analysing and understanding.
The CA allows us a simple lattice representation of reality, associating lattice sites to the states of matter. These states evolve following simple rules. These rules can represent both changes in the states of matter, i.e., chemical reactions, but also diffusion (swapping algorithm). It has recently been shown that in contrast to common belief, CA can provide a quantitative description of electrochemical processes [43] . CA is appealing taking into consideration that combining spatial representation and evolution rules, it naturally correlates reactivity to local environment, hence morphology, and provides mutual feedback mechanisms which can drastically modify the kinetics. The approach uses an intermediate mesoscopic scale which can provide large-scale effects of a microscopically randomly generated corrosion event and can cover far longer corrosion times than those that can be simulated at atomistic or molecular scale.
A first illustration of this mutual effect is seen in early works of Jean-Pierre Badiali on lithium batteries, illustrating the fundamental role of passivation on the morphology and kinetics [44] [45] [46] [47] . The initial point was the Eden model that used to study the morphology of the growth of the passive layer on the lithium immersed in a solvent. They observed a porous morphology of the passive film whose features depended on chemical, geometrical, deposition rate parameters. In this modelling, they introduced the idea of lattice sites poisoning [44] . This started a series of models on passivation [45] [46] [47] .
The second class of phenomena that affect the morphology and kinetics is that of diffusion. A few years later in 2001, Taleb et al. studied the formation of films separating two interfaces: metal|layer and layer|ionic solution [48] . This model considers: (i) metal corrosion at metal|passive layer interface, (ii) layer growth at the passive layer|solution interface and (iii) diffusion of metallic species from the metal towards the passive layer|solution interface to transform into layer and contribute to its expansion. The novelty lies in the coupling of the two interfaces due to the diffusion species. This study was compared to the results obtained from this extension to the Eden model. In the Eden model, the species instantly reach the interfaces at any position which would correspond to infinite diffusion speed and there is not size limit to the growth. The new model entails a hindrance from diffusion and shows how the morphology of interfaces and kinetics is tributary from diffusion. This model first studied in [48] was modified changing the Pilling-Bedworth parameter (ratio of the oxide to metal molar volume) to a typical value larger than one [49, 50] . In [51] , it was shown that such a model with the addition of different kinetics according to localization within the pit could predict a large variety of morphologies. The initial focus of the models was on the solid layer growth with variants accounting for the effect of the defects in the metal [52] and of dissolution of the passive layer on the evolution processes [53, 54] .
Finally, these initial models assumed an anodic and a cathodic reaction at the same location. Then, an important step accomplished by Jean-Pierre Badiali and coworkers was to consider the two electrochemical half-reactions at different locations [39, 40] . Doing so, the description of the solution also had to be changed since acidic species are created at the anodic reaction and, vice versa, basic species are created at the cathodic site. This new model naturally introduced heterogeneity in the description, on the solid surface as well as in solution. The heterogeneity leads to different kinetics at different locations of the metal surface and induces roughness of the corrosion front and possible detachment of small islands with an undefined shape from the passive layer; the chunk effect. Later in 2007, they related the deviation of the Faraday's law with the chunk effect [39, 40, 54] .
All these works have been essential steps in improving our understanding of corrosion. In particular, the more recent model with separate anodic and cathodic reactions provides effective scenarios of corrosion. To allow for comparison with experimental observations, the model has recently been generalized to three dimensional space [41, 42] . We now give the details of this model.
Chemical reactions and CA model
The physico-chemical model has been presented before in [41, 42] and is summarized in table 1. For aqueous corrosion, regardless of the nature of the metal, the model is based on simplifying assumptions: basic electrochemical reactions (anodic and cathodic) and simplified chemistry (no pollutants, only H + and OH − ions). The reactions at the metallic surface are simultaneous anodic and cathodic half-reactions that may occur at two randomly distributed sites of the surface, they have been detailed in [41] . In the case of aqueous corrosion, these are redox electrochemical reactions, possibly followed by hydrolysis. We consider the case of hydrogen evolution. They are summarized in the first column of table 1, with two alternative realizations depending on acidic or basic environment. The two half-reactions are called spatially separated (SSE) reactions. As mentioned above, they are not independent. They require a flow of electrons between the anodic and the cathodic sites as well as ions in the solution. The model must then ensure a continuous metallic path to allow for electrons to travel between anodic and cathodic sites. We also account for local electrochemical reactions in the form of a passivation reaction in the basic environment and a dissolution reaction in neutral or acidic environment named Spatially Joint reactions (SJ). In addition to the surface reactions, we also define the neutralisation reaction in solution The counterpart of the physico-chemical system in the framework of CA has also been presented in [41, 42] and shown in the second column of table 1. The lattice is cubic and each lattice cell is given a state, the typical lattice size used here will be 256 × 256 × 256 sites. For the solid species, we define site M for the bulk sites of metal, R for metal reactive sites on the surface and P for the passive layer constituted of oxide. The species in solution are A for acidic H + ions and B for basic OH − ions and finally the neutral solution is E. The CA is given the Moore connectivity with 26 neighbours, to allow for a finer range of acidity values and less restrictive diffusion displacements. The reliability of the reaction-diffusion algorithm has been verified in [43] . As indicated in table 1, some reactions are associated with the probability parameters P sse for SSE reactions, P ′ oxi and P oxi for dissolution reaction in acidic and neutral media, respectively, and with the variable N exc accounting for the local pH. A typical configuration and surface reactions are schematically shown in figure 1 .
The neutralization reaction [equation (2.1)], in the CA, reads
and the diffusion is represented in the CA by a swapping procedure, for instance the acid A moves from position 1 to position 2 in a random direction and neutral solution swaps in the opposite direction:
where A can be replaced by E and the position indices interchanged. This corresponds to a random walk which follows the relation l 2 = 2dDt, where l 2 is the average square distance covered in a time t, d = 3 is the space dimension and D is the diffusion coefficient of the species, which for simplicity is taken identical corresponding to the average value for H + , OH − and equal to D = 7.3 × 10 −5 cm 2 s −1 [55] . The typical dimension of the lattice site will be a = 10 µm, for which we obtain the simulation time step ∆t diff = 9.48 × 10 −3 s. This value takes into account a factor 2 due to the fact that in the algorithm, the swapping procedure is taken for both configurations of position indices. A more detailed description of the algorithm has been given as in [41, 42] . There is a main corrosion loop with an inner diffusion, which is executed N diff times. N diff parameter then sets the corrosion time step according to ∆t corr = N diff ∆t diff .
The electric connectivity condition between anodic and cathodic sites on the main metal piece is ensured using the burning algorithm which has been adapted for a parallel algorithm on GPU computing [41, 56] . The roughening of the corrosion front can induce metal detachments. Now disconnected from the main piece of metal, such islands no longer react in the algorithm. To have these islands evolving, a dissolution mechanism is introduced with probability P diss . In this paper, P diss = 1. This implementation of the algorithm does not essentially modify the dynamics of the main corrosion front. 
Results
Case studies
In what follows, we recall three case studies which have been recently investigated pointing out common features and differences. For comparison, these case studies are investigated with identical parameters, they will only differ by their initial state. We thus consider three initial configurations corresponding to the bare metal, a metal passivated with a small default on the passivating layer, e.g., a passivated metal with a scratch and finally a metal covered with an insulating layer, e.g., a metal with a layer of paint on top again with a small default. The systems are shown in figure 2. The parameters have been chosen to simplify the system and retain only the main phenomena. The parameters are N diff = 200, P sse = 0.5, P oxi = 0, P ′ oxi = 5 · 10 −4 . Under these conditions, not all SSE reactions are considered but the depassivation due to dissolution of the passive layer is taken into account with the non-zero value of P ′ oxi . For computing time reasons, the value of N diff is relatively small and corresponds to rather high corrosion rates or anodization conditions, but it is shown in [42] how to extrapolate to more realistic values. We now briefly describe a common scenario, of which realization will be specific for the case studies. Figure 3 presents snapshots of the evolution of the system. The initial system corresponds to a bare metal surface in contact with the solution, t = 0. The corrosion is initially slow and the system follows a generalized corrosion regime t = 100, 1500. The flat surface is gradually covered with oxide and remains relatively uniform although with some small roughness and the solution is homogeneous with initially few acidic and basic species. Acidic and basic species are produced respectively at the anodic and cathodic sites and then they diffuse in a solution and neutralise each other when they meet one another.
Bare metal surface
From this uniform situation, a gradual increase of corrosion can be seen on the average height h figure 4 (a) , increasing h is oriented in the direction of corrosion. Faster corrosion is correlated with an increase in concentration of acidic and basic species. The stochastic simulation may give rise to inhomogeneities of acidic and basic species which for a given diffusion parameter N diff may not have the possibility to neutralize. The mechanisms in the model show that this inhomogeneity is correlated with the surface state via the surface half-reactions. More precisely, following the thermodynamics, the model assumes that the passive layer (oxide layer) is stable in the basic environment. This means that such a region will host cathodic reactions leading to a further basification of the environment. The neighbouring cathodic region will, in contrast, remain acidic sustaining the corrosion evolution since the oxide layer is not stable in acidic conditions. This results in autocatalytic evolution of the instability which maintains the excess of one species in a given region, and the corrosion rate increases.
In the case of the plane metal surface investigated, the emergence of a fully passivated region associated with a basic environment is associated around that zone to an acidic zone where fast corrosion takes place (t = 2800). As the corrosion around proceeds, this leads to the formation of a peninsula 33802-6 (t = 3080). As it grows, this peninsula is corroded around its base and may finally detach (t = 3200).
It is dissolved at once due to the value of P diss = 1. This metal detachment is the chunk effect: this phenomenon was originally observed by Thiel and Eckel [57] and subsequently in [58] [59] [60] , especially on magnesium. More recently, it has shown a renewed interest in biodegradable materials [61, 62] . This metal detachment sets the surface back to a state close to the initial state (t = 3280) and the same scenario takes place in cycle with a new formation of a peninsula (t = 4080). This cyclic behaviour is clearly seen in the material loss, figure 4 (a).
Pitting
In the case of pitting, the initial surface is passive and corrosion should not take place, with the exception of the small default in the centre of the simulated surface. An other default may possibly materialize by dissolution of the passive layer but the event is rare as the probability P ′ oxi = 5 · 10 −4 is very small.
At the passive layer default, a cavity grows slowly. In the cavity, one may have anodic or cathodic reactions, whereas on the outer surface, only cathodic reactions can take place. This initial situation is asymmetric and favours the corrosion inside the pit due to the creation of acidic sites in the cavity. However, the growth is slow to start with, since the pit is small and the number of acidic sites created by the anodic reaction is small. The cavity does not evolve much from the initial system through 25000 and 50000 time steps, as can be seen in figure 5 . Note that the degradation of the passive layer is slow, it is protected by the basic environment on the outside, and the species inside the cavity remain trapped. As the cavity gradually grows, the number of acidic sites increases and may reach a sufficient accumulation in the pit for the autocatalytic scenario to start. Corrosion dramatically increases in this phase visible in 33802-7 the snapshot at t = 51000 and the cavity covers the simulation lattice only 200 time steps afterwards. This behaviour is clearly observed in figure 4 (b) , showing the equivalent cavity radius calculated as the number of material loss sites N loss according to R eq = ( 3N loss 2π ) 1/3 . Three orders of magnitude separate the two corrosion regimes.
Occluded corrosion
This case is the three dimensional extension of a case previously studied in two dimensions by JeanPierre Badiali and coworkers [39, 44, 45] and has been investigated in [41] . The starting point for the system is represented in the schematic CA representation given in figure 2 (c) . A new species is added here which represents the insulating layer (e.g., a paint) under which the occluded corrosion takes place. In figure 6 , one can observe snapshots of the system. Corrosion is slow to start with, at t = 460, the cavity is small, the passive layer appears distributed over the whole cavity surface as can be seen in the upper and lower representation. There are also few acidic and basic species in the cavity. Figure 4 (c) shows the evolution of the average radius of the cavity. The slow corrosion regime is a generalized corrosion regime.
This regime is followed by a localized corrosion regime. This is visible in the fast evolution of the cavity radius, figure 4 (c) . The cavity is asymmetric. There are now two distinct regions in the cavity visible in figure 6 for t = 560, 660. One region is passivated, rather rough and experiences little material loss. It is surrounded by a basic solution. The other region is covered with reactive metal, it is smoother and corrodes fast. It is surrounded by acidic solution. This corresponds to morphological experimental observations [63] . Note that for the chosen parameters, the matter loss ratio is found more than two orders of magnitude faster in the localized regime compared to the generalized one. 
A common scenario
To our knowledge, this formalism is the only one capable of depicting generalized and localized corrosion with three distinct cases of metal surface, pitting and occluded corrosion.
The three case studies have demonstrated that corrosion is slow at the beginning with a generalized corrosion regime followed by a strong acceleration of the corrosion process of several orders of magnitude when localized corrosion settles. Separation of half-reactions catalyzed by local different environment is essential and material loss is substantially different in the anodic and cathodic regions. The cathodic passivated regions experience little material loss whereas the anodic regions corrode fast.
The stochastic nature of the simulation is also crucial for the scenario. It is the source of inhomogeneity on the surface: random spatial distribution of anodic and cathodic sites. Moreover, in the volume, the neutralization is dependent on the neutralization of the acidic and basic sites which occurs as a random walk event in the modelling of diffusion [equation (2.2)]. This randomness can lead to spatial density inhomogeneities of acidic and basic species. The local excesses of acidic or basic species, may sometimes be difficult to neutralize because the neutralization takes place essentially only on the dividing surface of a given excess of a species (for instance acidic) with the neighbouring regions of different species (basic species for instance). It has been shown that the kinetics of neutralization does not follow a standard kinetic regime since it is the case when there is perfect mixing: the inhomogeneity is slower to neutralize [64, 65] . The surface and solution inhomogeneities are then coupled by the two half-reactions.
The benefits of corrosion: in search of materials
We previously observed that kinetics and morphology of the surface are deeply related. In the bare metal case and at an occluded corrosion, the localization of the anodic and cathodic zones is random. In the case of pitting, the anodic region appears at the location of the default, which is placed in the middle of the surface only for the reason of having the pit centred in the simulation. Here, we intend to spatially orient the corrosion by prepatterning the initial surface into bare metal and the regions covered with oxide. This can be achieved using stencil masks which can be realized using numerous lithography techniques [66, 67] . These patterns have been chosen as disks of oxide of radius R. As we shall consider the lattices of 2048 × 3544 × 544 to allow for the description of a repeating pattern, we need to use a value of N diff where calculation time remains reasonable. We set N diff = 100. Such large lattices have been made accessible by using GPU computing techniques, in NVIDIA's CUDA environment [68] . A typical initial surface is shown in figure 7 for t = 0.
We can observe at t = 100, the appearance of oxide over the whole surface. However, the initial oxide patterns are dominant and have grown in size in comparison with their initial size. At this stage, the patterns induce a separation between anodic and cathodic zones. This separation becomes more pronounced at t = 200, where one can see that the oxide is restricted to regions around the initial patterns. The rest of the metal surface has been cleaned, in the sense that the acidic medium in these areas hinders the formation of oxide and supports its dissolution. Finally, for t = 300, due to the corrosion in the bare metal regions, three-dimensional columns emerge from the surface.
To study the effects of this prepatterning, we have compared different cases. The first is again a bare metal, which serves as a reference, then systems with disks of oxide of various radius. The equivalent height of the layer is reported in figure 8 . In the order of no oxide to more oxide on the initial surface, we can observe that the behaviour is non-monotonous. First for R = 150, the current with respect to the bare surface increases, which is due to the transition to a localized corrosion which starts earlier since it is promoted by the prepatterning. If the size of patterns is further increased, the behaviour is reversed. The curves are lower and can even become lower than the bare metal surface. This can be understood due to an increasing passivation which, finally, becomes a leading effect. This study has two features which are of interest. Firstly, figure 9 shows that a simple surface prepatterning may be used to orient and obtain three-dimensional structures.
Secondly, there are situations when acceleration of corrosion is needed. This is the purpose of biodegradable materials, such as those needed in surgery like stents or prothesis as bone reparing screws [62] . The geometrically organized surface permits a finer control with a more homogeneous corrosion. Experiments have been conducted illustrating the galvanic effect of depositing on the surface of noble metals such as Au or Pt [67, 69] deposited on iron which exhibit a similar scenario. Here, we propose to use the oxide itself as a natural replacement. One point of interest is that it is produced in the course of a corrosion process itself and will follow the morphology of the metallic interface, whereas initially deposited metals will eventually fall off.
Conclusion
In this paper, we study a modelling of corrosion based on spatially separated electrochemical halfreactions, diffusion, acido-basic neutralization in solution and passive properties of the oxide layers. The CA modelling framework is shown to be well suited to include these features. The CA modelling extends the macroscopic deterministic approaches providing microscopic features via the introduction of stochastic effects. We show that by only varying the initial conditions, the same model can describe the generalized corrosion and the localized corrosions, active and passive surfaces, including occluded corrosion phenomena. A common scenario emerges, where a fast localized corrosion is associated with spatial separation of anodic and cathodic reactions. The stochastic approach is essential to trigger the instability leading to spatial separation of anodic and cathodic regions and, respectively, acidic and basic zones in a solution. Kinetic regimes and morphology appear to be closely related. This motivated the investigation of a specific initial metal surface state with a prepatterned oxide layer covered metal. The study shows that the method can be used to control the material morphology and gain a better control of the kinetics of the corrosion rate. The model will be completed in future to include other phenomena such as oxygen evolution or IR drop and will account for quantities like pitting factor [70, 71] . This study is highly indebted to Jean-Pierre Badiali for the concepts and the model developed.
